Tyrosine nitration is recognized as an important post-translational protein modification in animal cells that can be used as an indicator of a nitrosative process. However, in plant systems, there is scant information on proteins that undergo this process. In sunflower hypocotyls, the content of tyrosine nitration (NO 2 -Tyr) and the identification of nitrated proteins were studied by high-performance liquid chromatography with tandem mass spectrometry (LC-MS/ MS) and proteomic approaches, respectively. In addition, the cell localization of nitrotyrosine proteins and peroxynitrite were analysed by confocal laser-scanning microscopy (CLSM) using antibodies against 3-nitrotyrosine and 3#-(p-aminophenyl) fluorescein (APF) as the fluorescent probe, in that order. The concentration of Tyr and NO 2 -Tyr in hypocotyls was 0.56 mmol mg 21 protein and 0.19 pmol mg 21 protein, respectively. By proteomic analysis, a total of 21 nitrotyrosine-immunopositive proteins were identified. These targets include proteins involved in photosynthesis, and in antioxidant, ATP, carbohydrate, and nitrogen metabolism. Among the proteins identified, Sadenosyl homocysteine hydrolase (SAHH) was selected as a model to evaluate the effect of nitration on SAHH activity using SIN-1 (a peroxynitrite donor) as the nitrating agent. When the hypocotyl extracts were exposed to 0.5 mM, 1 mM, and 5 mM SIN-1, the SAHH activity was inhibited by some 49%, 89%, and 94%, respectively. In silico analysis of the barley SAHH sequence, characterized Tyr448 as the most likely potential target for nitration. In summary, the present data are the first in plants concerning the content of nitrotyrosine and the identification of candidates of protein nitration. Taken together, the results suggest that Tyr nitration occurs in plant tissues under physiological conditions that could constitute an important process of protein regulation in such a way that, when it is overproduced in adverse circumstances, it can be used as a marker of nitrosative stress.
Introduction
Protein tyrosine nitration is a nitric-oxide-mediated posttranslational modification that has been reported mainly in animal cells (Alvarez and Radi, 2003; Ischiropoulos, 2003 Ischiropoulos, , 2009 , although there are some reports in yeasts (Buchczyk et al., 2000) . This covalent alteration is the result of the addition of a nitro (-NO 2 ) group to one of the two equivalent ortho carbons of the aromatic ring of tyrosine residues (Gow et al., 2004; Radi, 2004) . So far, there are several mechanisms that are known to mediate protein tyrosine nitration in vivo involving either peroxynitrite or nitrite/H 2 O 2 /haemperoxidase or transition metals (Radi, 2004) . This process in proteins may exert different effects, such as loss of protein function, gain of function, or no change in function (Souza et al., 2008) . However, the most frequent effect observed for the nitration of tyrosine has been the inactivation of several enzymes that contain critical and susceptible tyrosine residues. Some examples of nitrated enzymes include manganese superoxide dismutase, nitric oxide synthase 2, cytochrome P450, pyruvate kinase, aldolase A, glutathione reductase, and glutamine synthase among others (Wong and van der Vliet, 2002; Schopfer et al., 2003; Peluffo and Radi, 2007; Souza et al., 2008) . However, there are other cases where tyrosine nitration caused activation, for example glutathione S-transferase (Ji et al., 2006) . Moreover, this post-translational modification, apparently involved in cell signalling and cytoskeletal organization, is considered a potential marker of nitrosative stress in some pathologies such as cardiovascular disease (Turko and Murad, 2002; Peluffo and Radi, 2007; Rubbo and Radi, 2008) . By contrast, in plant systems, information on this process is scarce (Corpas et al., 2007a (Corpas et al., , b, 2008a (Corpas et al., , b, 2009 , the information available so far being related to the induction of this process under certain stress conditions (Wilhelmova et al., 2006; Valderrama et al., 2007; Corpas et al., 2008a, b; Chaki et al., 2009) . However, there is no information available on the identity of nitrated proteins in plants.
In the present work, by using a combination of analytical, immunological, and proteomic approaches, the content of nitrotyrosine and the identity of potential protein targets for nitration have been determined for the first time in plant tissues. In addition, it is demonstrated, by in vitro analyses, that the tyrosine nitration of S-adenosyl-homocysteine hydrolase (SAHH) inhibited its activity. An in silico analysis revealed that Tyr448 from barley SAHH could be the potential nitration target.
Materials and methods

Sunflower genotypes and growth conditions
Sunflower (Helianthus annuus L. lines X55) seeds were obtained from Koipesol Seeds SA (Seville, Spain). Seedlings were sown in wet vermiculite, and grown under optimum conditions for 9 d, with 16/8 h light/dark at 20°C.
Crude extract of sunflower hypocotyls
Hypocotyls were ground in liquid nitrogen using a mortar and pestle. The resulting coarse powder was transferred into 1/2 (w/v) extraction medium of 0.1 M TRIS-HCl, buffer, pH 7.6, containing 5% (w/v) sucrose, 7% (w/v) PVPP, 0.05% (v/v) Triton X-100, 0.1 mM EDTA, 15 mM DTT, 1 mM PMSF, and a commercial cocktail of protease inhibitors (AEBSF, 1,10-phenanthroline, pepstatin A, leupeptin, bestatin, and E-64) (Sigma, St Louis, MO, USA). The crude extracts were then filtered through one layer of Miracloth (Calbiochem, San Diego, CA, USA), centrifuged at 3000 g for 6 min (4°C), and the supernatants were used for immunoblot analyses.
Determination of nitrotyrosine and tyrosine by highperformance liquid chromatography with tandem mass spectrometry (LC-MS/MS) Sunflower hypocotyls were ground using a mortar and pestle in liquid nitrogen, and were suspended into 1/2 (w/v) digestion buffer (50 mM sodium acetate, pH 6.5) according to Hensley et al. (1998) . Homogenates were filtered through one layer of Miracloth (Calbiochem), centrifuged at 3000 g for 5 min and the supernatant proteins were precipitated by the addition of 10% trichloroacetic acid (TCA). After incubation at 4°C for 20 min the samples were centrifuged at 14 000 g for 10 min. Protein pellets were washed twice with acetone at -20°C, air-dried, and resuspended in 1 ml of digestion buffer containing 4 mg of pronase (Calbiochem), and incubated at 50°C for 30 h with gentle stirring. The digested samples were treated with 10% TCA at 4°C for 20 min followed by centrifugation at 14 000 g for 10 min. The supernatants were passed through 0.45 lm PVDF filter. Samples were analysed by highperformance liquid chromatography with tandem mass spectrometry (LC-MS/MS) for tyrosine (Tyr) and 3-nitrotyrosine (NO 2 -Tyr) by the method of Ishi et al. (2006) . Mass-spectrometric measurements were carried out using a Bruker Daltonics Esquire-LC ion trap MS with an electrospray ionization interface at atmospheric pressure (Bruker Daltonics, Bremen, Germany) coupled to an Agilent 1100 LC system (Agilent Technologies) and equipped with a Waters Spherisorb Ò 33125 mm C18 column with 5 lm particle size, (Waters SAS, France). The mobile phase consisted of 0.1% formic acid in water (solvent A) and acetonitrile with 0.1% formic acid (solvent B) at a constant flow rate of 0.45 ml min À1 . The column was equilibrated with a mixture of 97% solvent A and 3% solvent B. Injection volumes of 20 ll of the samples were used and the compounds were eluted from the column using a continuous gradient beginning with 3% solvent B in solvent A and programmed to 70% B in 9 min, with the column being flushed for another 3 min at 70% B prior to returning to 3% B in 3 min and holding for 5 min before beginning the next injection in the sequence. The column effluent was directed into the electrospray source. Under these conditions, the retention times of tyrosine and nitrotyrosine standards were 5.3 min and 7.0 min, respectively. The optimized working conditions for LC/MS using electrospray ionization with positive ion polarity were as follows: trap drive 34.0, capillary exit 100 V, nebulizer 40 psi, dry gas 9.0 l min À1 , dry temperature 350°C , HV capillary 4000 V, HV endplate offset À 500 V, spectral averages 10, and the fragmentation amplitude set at 0.8 V for tyrosine and 0.5 V for nitrotyrosine. The precursor ions had a mass of 181.8 m/z and 226.7 m/z and the selected product ions had a mass of 135.9 m/z and 180.8 m/z for tyrosine and nitrotyrosine, respectively. Samples were diluted at the ratio of 1 to 10 000 before assay. The LC-ESI-MS/MS system was controlled using an Agilent Chemstation LC 3D and Bruker Daltonics Esquire 5.2 DataAnalysis software was used for the data analysis.
Calibration curves were prepared with tyrosine and nitrotyrosine standards of 0.1-1000 lM and 0.5-1000 nM, respectively.
Electrophoretic methods and Western blot analyses
Polypeptides were separated by 12% SDS-PAGE, and proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Immobilon P, Millipore Corp., Bedford, MA, USA) using a Semi-Dry Transfer System (Bio-Rad), as described by Corpas et al. (1998) . For immunodetection, a rabbit polyclonal antibody against 3-nitrotyrosine (NO 2 -Tyr) (Uttenthal et al., 1998) diluted 1:5000 was used, and immunoreactive bands were detected with a photographic film (Hyperfilm; Amersham Pharmacia Biotech) with an enhanced chemiluminescence kit (ECL-PLUS, Amersham Pharmacia Biotech).
Protein concentration was determined with the Bio-Rad Protein Assay (Hercules, CA, USA), using bovine serum albumin as a standard.
Nitrotyrosine immunohistochemistry by confocal laserscanning microscopy (CLSM) Sunflower hypocotyls were cut into 4-5 mm pieces and fixed in 4% (w/v) p-formaldehyde prepared in 0.1 M phosphate buffer (PB), pH 7.4, for 3 h at room temperature. Then, they were cryoprotected by immersion in 30% (w/v) sucrose in PB overnight at 4°C. Serial sections, 60 lm thick, were made by means of a cryostat (2800 Frigocut E, ReichertJung, Vienna, Austria).
Immunohistochemistry was performed by confocal analysis of immunofluorescence-stained sections, as described by Valderrama et al. (2006) . Free-floating sections were incubated overnight at room temperature with a rabbit polyclonal antibody against 3-nitrotyrosine (Uttenthal et al., 1998) diluted 1:300 in 5 mM TRIS-HCl buffer, pH 7.2, 0.9% (w/v) NaCl, containing 0.05% (w/v) sodium azide, 0.1% (w/v) bovine serum albumin and 0.1% (v/v) Triton X-100 (TBSA-BSAT). After several washes with TBSA-BSAT, the sections were incubated with biotinylated goat antirabbit IgG (Pierce), diluted 1:1000 in TBSA-BSAT, for 1 h at room temperature. Sections were washed again and incubated with Cy2-streptavidin (Amersham), diluted 1:1000 in TBS-BSAT, for 1.5 h at room temperature, this and the following steps being performed in the dark. After several washes, sections were then mounted in PBS:glycerol 1:1 v/v. Hypocotyl cross-sections were examined with a confocal laser-scanning microscope (Leica TCS SL) using standard filters for Cy2-streptavidin (excitation 492 nm; emission, 510 nm). Controls for background staining were performed by replacing the primary antibody with an equivalent concentration of either of the incubation buffer or rabbit pre-immune serum.
Detection of peroxynitrite by confocal laser-scanning microscopy (CLSM) Peroxynitrite (ONOO -) was detected with 10 lM 3#-(paminophenyl) fluorescein (APF, Invitrogen) prepared in 10 mM TRIS-HCl (pH 7.4). Transversal hypocotyl crosssections were incubated at 25°C for 1 h, in darkness. After incubation, samples were washed twice in the same buffer for 15 min each. Hypocotyl sections were then embedded in a mixture of 15% acrylamide-bisacrylamide stock solution as described elsewhere , and 80-100 mm thick sections were cut under 10 mM phosphate-buffered saline (PBS). Sections were then soaked in glycerol:PBS (containing azide) (1:1 v/v) and mounted in the same medium for examination with a CLSM system (Leica TCS SL), using standard filters and collection modalities for APF green fluorescence (excitation 495 nm; emission 515 nm).
As a control, sections were preincubated for 2 h at 25°C with 20 lM Ebselen (a peroxynitrite scavenger) (Daiber et al., 2000; Chander et al., 2004) .
Protein precipitation
Hypocotyls (168 g) of 1000 sunflower seedlings were processed for crude extracts as mentioned above. For protein precipitation, 3 vols of 100% acetone at -20°C were added to the supernatants with continuous stirring for 60 min (70% final concentration, v/v) and the mixture was centrifuged at 16 000 g for 15 min. The precipitate, which contained most of the proteins, was taken up into 150 ml of 50 mM HEPES pH 7.6, 50 mM NaCl (buffer A) and centrifuged again at 16 000 g for 15 min. The supernatants were passed through Sephadex G-25 gel-filtration columns (NAP-10 from Amersham) which were equilibrated with buffer A.
Two-dimensional (2D) gel electrophoresis and immunoblot analysis
Proteins were separated by two-dimensional gel electrophoresis. Isoelectric focusing was carried out with precast IPGgels pH 3-10. Each gel was loaded with 100 lg of proteins. Second-dimensional separation was performed by Glycine-SDS-PAGE according to Laemmli (1970) . Gels were SYPRO Ruby stained, scanned, and analysed with BioRad PD Quest software. Western blot of 2D gels was performed as described above.
In situ digestion of 2D spots and protein identification by MALDI TOF-TOF analysis
Identified spots in the gel were automatically recovered using Investigator ProPic Protein Picking Workstation (Genomic Solutions). Then, they were digested with trypsin using an Investigatorä ProGest Protein Digestion Station (Genomics Solutions). Briefly the procedure was as follows: spot destaining with 40% acetonitrile/200 mM NH 4 HCO 3 for 30 min (twice); washing with 25 mM NH 4 HCO 3 for 5 min and further with 25 mM NH 4 HCO 3 /50% acetonitrile for 15 min, respectively (twice). Samples were then redehydrated with 100% acetonitrile for 5 min and dried. The samples were hydrated with 10 ll trypsin in 25 mM NH 4 HCO 3 (12.5 ng ll À1 ) at room temperature for 10 min and then digested at 37°C for 12 h. The reaction was stopped by adding 10 ll of 0.5% trifluoroacetic acid (TFA). Peptides were purified using a ProMS station (Genomic Solutions) with a C18 column (ZipTip, Millipore) and eluting with a-cyano-4-hydroxycinnamic acid (3 mg ml À1 ) in 70% acetonitrile/0.1% TFA in a MALDI plate (1 ll). After crystallization the samples were analysed using a MALDI TOF-TOF Mass Spectrometer in a range massto-charge ratio (m/z) of 800-4000 Da using a spectrometer 4700 Proteomics Analyser (Applied Biosystems) in automatic mode. Internal calibration of the mass spectrums was performed using the m/z of the peptides from porcine trypsin autolysis (mass MH + ¼842.509, mass MH + ¼ 2211.104), given a precision in the m/z ratio of 20 ppm. From each sample, the three spectrums with the highest m/z ratios were selected. The protein was identified by combining the MS spectrum with the corresponding MS/MS using the MASCOT program from the database of MatrixScience (http://www.matrixscience.com/). The following search parameters were applied, limiting the taxonomic category to green plants: a mass tolerance of 100 ppm and one incomplete cleavage were allowed; complete alkylation of cysteine by carbamidomethylation and partial oxidation of methionine.
Treatment with SIN-1 (peroxynitrite donor) and Sadenosyl homocysteine hydrolase activity assay
The molecule SIN-1 (3-morpholinosydnonimine), being a protein-nitrating compound, has been demonstrated to generate peroxynitrite (Daiber et al., 2004) . Thus, hypocotyl samples were passed through Sephadex G-25 gel-filtration columns (NAP-10 from Amersham) equilibrated, and eluted with 100 mM K-phosphate buffer pH 7.2 containing 2 mM potassium cyanide (inhibitor of CuZn-SOD) and 2 mM sodium azide (inhibitors of CuZn-SOD and peroxidases). Aliquots of these samples were incubated at 37°C for 2 h with increased concentrations (0-5 mM) of SIN-1 (Calbiochem) made up fresh before use. Then, the samples were passed again through a NAP-10 column to avoid any interference of SIN-1 with the activity assay.
S-adenosyl homocysteine hydrolase (EC 3.3.1.1) catalyses the hydrolysis of S-adenosylhomocysteine to form adenosine and homocysteine. The activity was assayed according to Kloor et al. (2000) with some modifications. The Sadenosyl-L-homocysteine (SAH) hydrolysis activity was assayed in a total volume of 1 ml at 37°C. The reaction mixture contained, at the final concentration of 16 lM SAH (Sigma Chemical Co.), 3 U ml À1 adenosine deaminase (Sigma Chemical Co.), 360 mU ml À1 nucleoside phosphorylase, 60 mU ml À1 xanthine oxidase (Sigma Chemical Co.), and 100 mM potassium phosphate, pH 7.2. The reaction was started by the addition of sunflower samples (10-15 lg of protein). The uric acid formed by the coupled action of SAHH and XOD was measured spectrophotometrically at 292 nm. One unit of activity was defined as the amount of enzyme required to hydrolyse 1.0 nanomoles of S-adenosyl-L-homocysteine to adenosine and L-homocysteine min À1 at pH 7.2 and 37°C.
Sequence alignment, modelling and molecularevolution analysis
Multiple sequence alignments were performed using the ClustalW2 program (http://www.ebi.ac.uk/ Tools/clustalw2/). The tertiary structure of S-adenosyl-homocysteine hydrolase was generated by homology modelling at the Swiss Model Server (Arnold et al., 2006) using the coordinates of the S-adenoslyl-homocystein hydrolase from Plasmodium falciparum (PDB access code 1v8b) as a template. Model quality was evaluated by atomic non-local environment assessment (ANOLEA) (Melo and Feytmans, 1998) , threedimensional profiles (Verify3D) (Eisenberg et al., 1997) and Procheck (Laskowski et al., 1993) . The coordinates of the quaternary structure were calculated by the superposition of the model on those of the X-ray structure 1v8b with XtalView (McRee, 1993) and refined with CNS (Brunger et al., 1998) by 50 cycles of rigid body minimization with no experimental energy term. Molecular-evolution studies were carried out at the Evolutionary Trace Server (Mihalek et al., 2004) using a model of the tertiary structure as a template and evolutionary conservation was ranked according to rho parameter that deviates from 1 as variability increases.
Secondary structural analysis was carried by DSSP software (Kabsch and Sander, 1983) . Tyrosine phosphorylation predictions were carried out at NetPhos 2.0 Server (Blom et al., 1999) .
Results
Hypocotyls from sunflower plants cultivated under optimal conditions were used as the model because, in a previous study, the metabolism of reactive nitrogen species had been characterized . To identify and quantify nitrotyrosine (NO 2 -Tyr) in hypocotyls, high-performance liquid chromatography with tandem mass spectrometry (LC-MS/MS), that had been used successfully in animal tissues, was adapted (Ishii et al., 2006) . Figure 1 shows a typical multiple-reaction monitoring chromatogram and product ion spectra of standards of 1 lM tyrosine (Fig. 1A) and 0.5 nM nitrotyrosine (Fig. 1B) . The average retention times of tyrosine (Tyr) and nitrotyrosine (NO 2 -Tyr) were 5.3 min and 7.0 min, respectively. Based on this method, Table 1 shows the concentrations of NO 2 -Tyr and Tyr mg À1 of protein obtained in hypocotyl samples. The ratio of NO 2 -Tyr/Tyr was 33.9 lmol mol À1 . On the other hand, the presence of protein targets for tyrosine nitration were studied using a well-characterized antibody against 3-nitrotyrosine (Valderrama et al., 2007; Chaki et al., 2009) . Figure 2 shows the immunoblot analysis of the proteins that were apparently affected by tyrosine nitration. A pattern of six immunoreactive bands with molecular masses of 68, 59, 37, 30, 20, and 15 kDa was found, the most abundant being nitrated protein having 68 kDa and 59 kDa subunit sizes. As a positive antibody control, nitrated bovine serum albumin (NO 2 -BSA; Sigma, St Louis, MO, USA) was used.
The cell localization of tyrosine nitration of proteins was also analysed in hypocotyl cross-sections by confocal laserscanning microscopy (CLSM), using the same antibody. The green fluorescence corresponding to the nitrated proteins was observed in vascular tissue, and epidermal and cortex cells (Fig. 3A) . When the primary antibody against NO 2 -Tyr was substituted by preimmune serum, no immunofluorescence background was detected (Fig. 3B) . Peroxynitrite has been shown to mediate protein-tyrosine nitration (Radi, 2004) . Therefore, in the study of the possible correlation of nitration and peroxynitrite, this molecule was also detected in hypocotyl sections using the fluorescence probe 3#-(p-aminophenyl) fluorescein (APF). Figure 3C shows that peroxynitrite was present mainly in vascular tissue and epidermal cells. When the samples were preincubated with Ebselen (a peroxynitrite scavenger) the green fluorescence was substantially reduced (Fig. 3D) . The appearance of the sunflower hypocotyl sections under optical microscopy is shown in Fig. 3E , where the main typical tissues such as epidermis, cortex, vascular tissue (xylem and phloem), and pith are depicted.
To identify the proteins that undergo tyrosine nitration, a proteomic approach was used. Considering that, usually, few proteins seem to be nitrated, enriched crude extracts Protein tyrosine nitration in plants | 4225
were prepared by precipitation with 70% acetone. Figure 4A and B shows the separation of proteins after 2D electrophoresis and its corresponding immunoblot probed with the antibody against NO 2 -Tyr, respectively. Thus, a total of 21 immunoreactive spots were detected. These spots were analysed by MALDI-TOF mass spectrometry after trypsin digestion using the MASCOT search engine to analyse MS data to identify proteins from primary-sequence databases (Perkins et al., 1999) . The immunoreactive proteins identified are listed in Table 2 , the protein-score confidence interval (C.I.) in all cases being higher than 99%, indicating that the proteins were not identified by random matches of peptide-mass data.
To study the significance of tyrosine nitration in enzymatic activity, among the proteins with a CI protein score of 100%, S-adenosyl-L-homocysteine hydrolase (SAHH) was selected as a model because, in a previous study, it was also investigated as a potential target of RNS such as Snitrosylation (Lindermayr et al., 2005) . For this, hypocotyl samples were incubated with different concentrations of SIN-1, a peroxynitrite-generating system which had been shown to mediate tyrosine nitration (Daiber et al., 2004; Fig. 3 . Representative images illustrating the confocal laser-scanning microscopy detection of protein 3-nitrotyrosine (NO 2 -Tyr) (A) and peroxynitrite (C) in cross-sections of sunflower hypocotyls. Protein 3-nitrotyrosine (NO 2 -Tyr) was detected using a specific antibody at a dilution of 1:300 as described in the Materials and methods. The bright-green fluorescence corresponds to the detection of NO 2 -Tyr. As a control of immunolocalization, the primary antibody was omitted (B). Peroxynitrite (ONOO -) detection was carried out using 3#-(paminophenyl) fluorescein (APF) (C). As a control, the sample was preincubated with Ebselen (D). (E) Appearance under the optical microscope of a sunflower hypocotyl section. Radi, 2004; Larrainzar et al., 2008) . Figure 5 depicts the effect of peroxynitrite on SAHH activity in hypocotyl extracts. When the samples were incubated at 37°C for 2 h with 0.5 mM, 1 mM, and 5 mM of SIN-1, the SAHH activity was inhibited by 49%, 89%, and 94%, respectively. The full protein sequence of sunflower S-adenosyl-Lhomocysteine hydrolase (SAHH) is unknown. However, the sequence of its counterparts from Hordeum vulgare (Q4LB20), Triticum aestivum (P32112), Oryza sativa (AAO72664), Arabidopsis thaliana (CAB09795), and Petroselinum crispum (Q01781) share an overall identity of 83-92% and 100% for the 12 Tyr residues (see Supplementary  Fig. S1 at JXB online), making it feasible to analyse our results on the basis of these sequences. It has been suggested that both the presence of the nearby amino acids and the solvent exposure of the aromatic ring are predictive factors for the nitration of specific tyrosine in vivo (Sacksteder et al., 2006; Abriata et al., 2009) . Thus, to gain deeper insight into the potential tyrosine target of nitration the tertiary structure of Hordeum vulgare, the SAHH sequence was calculated by homology modelling using as a template the structure of its counterpart from Plasmodium falciparum (Tanaka et al., 2004) , which shares 58% identity (E-score 2.5698e-165 for the alignment). The refinement converged at -14989.541 KJ mol À1 and encompasses the full sequence (450 residues). The analysis of the quality of the model yielded 84.03% of the residues with an average 3D-1D score greater than 0.2 and 86.2% in the most favoured regions in the Ramachandran plot. The few residues in unfavourable non-local atomic interaction energy were located in loop regions. The tertiary-structure model was the input for the evolutionary analysis of the structure. A BLASTP search (Altschul et al. 1997) found 500 sequences with E-value <e-102, and the evolutionary conservation of the different Tyr residues were ranked according to the rho parameter that combines evolutionary and entropy scores (Mihalek et al., 2004) . Each tyrosine was further characterized in terms of amino acid content within a nine-residue window of linear sequence around the tyrosine (primary structure), solvent accessible surface area (ASA), secondary structure organization, residues within 5 Å from the atom susceptible of undergoing nitration and phosphorylation susceptibility. The results are summarized in Table 3 .
On the other hand, the analysis of the quaternary structure model revealed a relationship between the rho value and the proximity to the NAD-binding site (Fig. 6) , where the Tyr residues with smaller rho values are located closer to the cofactor side. A more detailed analysis revealed that the Tyr207 makes a single contact with residues Met268 from the neighbour subunit within 5 Å and that the Tyr residue at position 448 makes a remarkable interaction with NAD.
Discussion
In mammals, tyrosine nitration is being intensively studied because it can be used as a marker of certain pathologies and nitrosative stress (Ischiropoulos, 2003; Tsikas et al., 2005; Rubbo and Radi, 2008) . However, new studies are starting to point out the possible implication of tyrosine Concentrated sunflower hypocotyl extracts were subjected to 2D electrophoresis and immunoblot probed with an antibody against 3-nitrotyrosine. The identified spots were analysed by MALDI-TOF mass spectrometry after trypsin digestion. The MASCOT search engine was used to parse MS data to identify proteins from primary sequence databases. (Tedeschi et al., 2007; Ischiropoulos, 2009) . Until now, several proteomic studies have identified a relatively low number of nitrated proteins. Thus, a proteomic approach together with the use of a monoclonal antibody against nitrotyrosine has identified about 40 different proteins during inflammatory challenge in rat lung and liver. The proteins identified were involved in different functions such as oxidative stress, apoptosis, ATP production, and fatty acid metabolism (Aulak et al., 2001 ). More recently, and also with the use of an antibody against nitrotyrosine, another proteomic identification of tyrosine nitration targets in the kidneys of hypertensive rats revealed the existence of 22 differentially nitrated proteins (Tyther et al., 2007) . However, only catalase and glyceraldehydes-3-phosphate dehydrogenase were coincident targets in the three rat organs analysed. By contrast, in plants, much less information is available on the content of NO 2 -Tyr and the identity of nitrated proteins. The simultaneous determination of NO 2 -Tyr and Tyr in hypocotyl extracts was undertaken by a LC-MS/MS method previously used in animal tissues (Ishii et al., 2006) . In healthy mice liver, the reported Tyr concentration is 3.53 lmol mg À1 protein, this being approximately 6-fold lower in hypocotyls. However, the concentration of NO 2 -Tyr is very similar being 0.19 pmol mg À1 protein in hypocotyls and 0.20 pmol mg À1 protein in mice liver (Ishii et al., 2006) indicating that the putative functional behaviour of the NO 2 -Try could be very similar in plants and animals. On the other hand, the NO 2 -Tyr/Tyr ratio was 33.9 lmol mol À1 which is the same order of magnitude as the reported basal NO 2 -Tyr/Tyr ratio in healthy rat kidney and mouse liver, which were 51.1 lmol mol À1 and 58.2 lmol mol À1 , respectively (Thierry et al., 2002; Ishii et al., 2006) . Furthermore, to our knowledge, there is still no protein identified with this post-translational modification. So far, Fig. 6 . Quaternary structure of the Hordeum vulgare tetrameric Sadenosyl-homocysteine hydrolase showing the localization of NAD (green colour) and Tyr residues coloured according to their rho value: rho ¼ 1.1 orange, 6 <rho <7.3 red, 9 <rho <14 cyan, 14 <rho <19 yellow, rho >20 blue. Table 3 . Characterization of the 12 tyrosine (Y) residues present in SAHH from Hordeum vulgare (accession number Q4LB20) in terms of revolutionary conservation (rho score), amino acid content within a nine-residue window of linear sequence around the tyrosine (Primary structure), solvent-accessible surface area (ASA), secondary-structure organization, residues within 5 Å from the two carbons susceptible to nitration (residues from neighbouring subunits are shown in bold) and their potential as target for tyrosine phosphorylation (phosphorylation score) Protein tyrosine nitration in plants | 4229 plant studies on this subject have focused on analysing whether or not the total content of nitrated proteins changed under certain stress conditions. For example, the leaves from salt-stressed olive trees registered an increase in the number of proteins of 44-60 kDa that underwent tyrosine nitration (Valderrama et al., 2007) . In nitrite reductase antisense tobacco leaves, the induction of several tyrosine-nitrated polypeptides with molecular masses between 10-and 50-kDa has been also reported (MorotGaudry-Talarmain et al., 2002) . Moreover, in tobacco BY-2 suspension cells treated with a fungal elicitor, the induction of tyrosine nitration in proteins with molecular masses in the range 20-50 kDa has been demonstrated . Conversely, in tobacco transgenic plants with genetically increased cytokinin levels, the content of tyrosine nitrated proteins decreased (Wilhelmova et al., 2006) . More recently, in pea plants grown under several stress conditions (low temperature, high temperature, high light intensity, and continuous light) intensification in the proteins that undergo tyrosine nitration has been reported (Corpas et al., 2008b) . However, to our knowledge none of these proteins has yet been identified. All together, these data indicate that an increase in the number of proteins or an intensification of specific proteins that underwent tyrosine nitration could be considered a footprint of nitrosative stress, as has been proposed in animal cells (Ischiropoulos, 2003) and plants cells (Corpas et al., 2007b Valderrama et al., 2007) .
In this experimental design, sunflower plants grown under optimal conditions were used because this is a physiological process which eliminates the identification of artefacts that may arise when exposing cells or tissues to exogenous NO or nitrating agents. Thus, at least six immunoreactive bands in the molecular mass range of between 15 kDa and 68 kDa were found in this plant material. Considering that, in mammals, peroxynitrite (ONOO -) has been shown to participate in the nitration of tyrosine residues of proteins (Ischiropoulos et al., 1992; Radi, 2004; Naviliat et al., 2005; van der Vliet, 2006; Peluffo and Radi, 2007) , the presence and location of peroxynitrite by CLSM was also investigated. A close cellular location of NO 2 -Tyr and ONOO -was found in hypocotyl sections, indicating that tyrosine nitration may also occur through peroxynitrite in sunflower hypocotyls.
A proteomic approach using a well-characterized antibody against NO 2 -Tyr (Chaki, 2007; Valderrama et al., 2007; Chaki et al., 2009 ) was followed to gain knowledge on the nature of nitrated proteins (Butt and Lo, 2008) . This allowed us to identify a total of 21 nitrated proteins, this number of proteins being consistent with previous proteomic identification analyses in animal systems (Aulak et al., 2001; Tyther et al., 2007) . The proteins identified in different physiological processes included photosynthesis, the proteasome pathway, signalling, antioxidant, ATP, and carbohydrate and nitrogen metabolism. Among these proteins only a few were coincident with or similar to identified tyrosine-nitrated proteins in animals, such as glutathione reductase (Francescutti et al., 1996) , protein kinase (Balafanova et al., 2002) or cytochrome P450 (Roberts et al., 1998; Lin et al., 2007) , the rest of the proteins being new candidates.
On the other hand, S-nitrosylation is another relevant post-translation modification mediated by NO or NOderived molecules. Thus, in Arabidopsis plants, several proteomic approaches have enabled the identification of candidates for this process, 63 proteins from cell cultures, 52 proteins from leaves (Lindermayr et al., 2005) , and 18 proteins during the hypersensitive response (RomeroPuertas et al., 2008) . A comparative analysis shows that among all these candidates, only the S-adenosyl-L-homocysteine hydrolase was also candidates for tyrosine nitration (present study). However, it is a good example of the connection between S-nitrosylation and tyrosine nitration. Thus, it has been described that peroxiredoxin II E from Arabidopsis possesses peroxynitrite reductase activity; however, the S-nitrosylation of this specific peroxiredoxin causes its inhibition and promotes an increase of tyrosine nitration (Romero-Puertas et al., 2007) .
To gain deeper insights into the biological significance of tyrosine nitration, S-adenosyl-L-homocysteine hydrolase (SAHH, EC 3.3.1.1) was selected to perform in vitro nitration assays using SIN-1 as the peroxynitrite donor because this protein seems to be regulated by RNS as well as by S-nitrosylation (Lindermayr et al., 2005) . SAHH activity is found in mammals, birds, plants, and yeast and is involved in the methylation cycle of genomic DNA catalysing the reversible breakdown of S-adenosyl-Lhomocysteine to adenosine and homocysteine (Poulton and Butt, 1976; Mull et al., 2006) . The in vitro activity assay of this enzyme from sunflower hypocotyls in the presence of an increased concentration of ONOO -clearly demonstrated the inhibitory effect of this nitrating molecule on SAHH activity. Similar observations have been made in different studies on the nitration and inactivation by peroxynitrite of Mn-superoxide dismutase (Quijano et al., 2001) , glutathione reductase (Savvides et al. 2002) , cytochrome P450 2B1 (Roberts et al., 1998) or recombinant iron-superoxide dismutase from cowpea (Larrainzar et al., 2008) .
Nitration of tyrosine is a selective process. Usually proteins have approximately 3-4 mol% of Tyr but only one or two of these tyrosines become preferentially nitrated, this depending on several factors such as protein structure, nitration mechanism, and environment, where the protein is located (Bartesaghi et al., 2007) . For example, in chronic rejection of human renal allografts and in traumatic brain injury, it has also been reported that tyrosine nitration of manganese superoxide dismutase (Mn-SOD) increased, causing its further inactivation (MacMillan-Crow et al., 1996; Bayır et al., 2007) . Later, it was confirmed by mass spectroscopic analysis that the peroxynitrite-inactivated Mn-SOD showed a single nitro group substituted onto a tyrosine residue (Tyr34) (Yamakura et al., 1998) .
For the identification of the Tyr residue/s potentially nitrated in SAHH, an in silico study was chosen. Since nitration of tyrosine plays a major role in protein modulation, it must be a selective process with a welldefined target that is preserved throughout evolution. Thus, the evolutionary analysis of 500 sequences with E-value <e-102 indicates that Tyr207 is an extremely well-conserved residue with an outstanding rho of 1.1, suggesting an important role. The other Tyr candidates can be grouped into four categories: (i) Tyr434 and Tyr448 with rho values of between 6 and 7; (ii) Tyr82, Tyr450, and Tyr235 with rho values of around 10; (iii) Tyr397, Tyr402, and Tyr179 with rho values of around 15, and (iv) Tyr157, Tyr443, and Tyr328 with rho values higher than 20. However, a systematic analysis of nitrated proteins (Sacksteder et al., 2006) in mouse brain revealed that almost 60% of the nitrated tyrosine sites are predicted to be located at loop sites, where the solvent accessible area is larger, with basic amino acids in the immediate vicinity within the primary sequence, suggesting the involvement of electrostatic attractions of nitrating anions, and in the proximity of a nearby negative charge that promotes the selective nitration under in vitro conditions (Souza et al., 1999) .
Regardless of any other consideration (i.e. evolutionary conservation and nearby-residue criterion), the nitration of Tyr82, Tyr450, Tyr157, Tyr235, or Tyr207 seems unlikely because their solvent-accessible surface area is 7, 8, 12, or 16 and 19 Å 2 , respectively. Potential candidates with a large solvent-accessible surface areas are Tyr179 and Tyr328 but the fact that they are among the less preserved does not indicate a role in modulation. The same justification applies to rule out Tyr443, Tyr402, and Tyr397, which display smaller solvent-accessible surface areas and are predicted to be phosphorylation sites.
The two most probable targets for nitration are Tyr434 and Tyr448, the second and third best preserved with solvent-accessible surface areas of 70 Å 2 and 41 Å 2 , respectively. However, although both are good candidates, Tyr434 fails the nearby-residue criterion, since neither the basic amino acids are in its immediate vicinity within the primary sequence nor are the acidic residues within 5 Å from the atom susceptible to nitration. The large phosphorylation score also supports Tyr434 as a phosphorylation target. Thus, Tyr448 is proposed as the target for the nitration because it is located in a loop and fulfils both the solvent-accessible surface area and the nearby-residue criterion with Lys444 and Arg449 within a nine-residue window and Asp237 within 5 Å from the atom susceptible to nitration. Moreover, its nitration is consistent with the observed inhibitory effect, since it is located at a position where its nitration would disrupt the NAD site.
In summary, the present study provides the concentration of nitrotyrosine and the first identification of proteins that undergo tyrosine nitration in plants under physiological conditions. In addition, it is demonstrated that the activity of SAHH, an enzyme involved in the methylation cycle of genomic DNA, is inhibited by peroxynitrite, a molecule which mediates tyrosine nitration, conserved Tyr448 being the most reliable candidate. Consequently, the physiological nitration of SAHH could represent a fraction of the pool of this protein in vivo and an additional mechanism of its regulation. Thus, if the peroxynitrite levels increase under certain cellular conditions the equilibrium can be broken, the consequence of which will be an increase in nitrated SAHH and inactivation of its activity. Considering that SAHH is a candidate for both S-nitrosylation (Lindermayr et al., 2005) and tyrosine nitration (present study), this suggests that these two post-translational modifications may participate in the regulation of DNA methylation. At present, a comparative analysis has been started by proteomic approaches to identify whether some of these proteins or new ones are affected under stress conditions. This information will enable the identification of potential markers of nitrosative stress in plants.
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Supplementary Fig. S1 . Multiple-sequence alignments of S-adenosyl-L-homocysteine hydrolase (SAHH) from Hordeum vulgare (Q4LB20), Triticum aestivum (P32112), Oryza sativa (AAO72664), Arabidopsis thaliana (CAB09795), and Petroselinum crispum (Q01781).
